The formation mechanism of super star clusters (SSCs), a present-day analog of the ancient globulars, still remains elusive. The major merger, the Antennae galaxies is forming SSCs and is one of the primary targets to test the cluster formation mechanism. We reanalyzed the archival ALMA CO data of the Antennae and found three typical observational signatures of a cloud-cloud collision toward SSC B1 and other SSCs in the overlap region; i. two velocity components with ∼100 km s −1 velocity separation, ii. the bridge features connecting the two components, and iii. the complementary spatial distribution between them, lending support for collisions of the two components as a cluster formation mechanism. We present a scenario that the two clouds with 100 km s −1 velocity separation collided ∼1 Myr ago and the SSCs having ∼10
Introduction

Background
Super star clusters (SSCs) are rare objects in present-day normal galaxies and are possibly young counterparts to the globular clusters formed in the early Universe. In our efforts to understand galactic evolution, it is of primary importance to reveal the formation mechanism of SSCs in the local universe, which could lead to insights into the formation and evolution of primordial galaxies. It has been suggested that the interacting galaxies may be a site of SSC formation because the violent motion agitated by the galactic interaction may efficiently compress the gas into massive clusters (e.g., Wilson et al. 2000) .
The Antennae galaxies, the closest major merger at a distance of 22 Mpc (Schweizer et al. 2008) , are interacting galaxies having rich molecular gas (Wilson et al. 2000) , which may allow us to understand better the formation mechanism of SSCs. The definition of a SSC is not rigorous and different definitions are found in the literature. We adopt tentatively that a SSC is a stellar cluster whose mass is 10 4 M⊙-10 7 M⊙ within a volume of a 1 pc-10 pc radius.
This definition is somewhat relaxed and includes some spatially extended clusters, like NGC 6334 and NGC 604, with sizes of ∼10 pc, which are not listed as SSCs by Portegies Zwart et al. (2010) . • 53 ′ 11. ′′ 0) are interacting galaxies. Numerical simulations of the galaxy encounter successfully reproduced the outcomes of the tidal interaction between the two galaxies, including two long tails, clear signatures of tidal interaction, and the overlap region with heavy obscuration (Mihos et al. 1993; Barnes 2004; Di Matteo et al. 2007; Bournaud et al. 2008; Cox et al. 2008; Renaud et al. 2009; Saitoh et al. 2009; Karl et al. 2010; Teyssier et al. 2010; Powell et al. 2013) . The interaction has been continuing probably since a few 100 Myr ago and the two spirals may eventually merge together into a larger galaxy (Renaud et al. 2015) . The unusually active star formation including thousands of SSCs and their candidates is an outstanding aspect (e.g., Whitmore & Schweizer 1995) . The near infrared imaging data taken with Hubble Space T elescope (Gilbert & Graham 2007; Whitmore et al. 2010 ) are used to identify SSCs. The two galaxies are apparently merging in the overlap region, where five out of eight SSCs have masses larger than 10 6 M⊙ as listed Note. -Column (1): Object name. Column (2): Age of object. Column (3): Total stellar mass of the cluster. Column (4): [1] Gilbert & Graham (2007) , [2] Whitmore et al. (2010) .
in Table 1 . Among all, the most luminous SSC B1 in the Antennae was identified by Whitmore & Schweizer (1995) . Wilson et al. (2000) mapped the CO emission and found that the CO clouds are organized into several complexes as named super giant molecular complexes (SGMCs) 1-5. These authors suggested a possibility of collision between SGMCs as origin of strong mid-infrared emission, but its relationship with the SSC formation was not discussed further.
The ALMA CO data offer an ideal opportunity to investigate the molecular gas distribution and kinematics which are likely connected to the cluster formation and feedback at resolution better than 10 pc. The previous works on the ALMA data investigated the overall filamentary distribution of the molecular clouds (Whitmore et al. 2014 ), a candidate proto-cluster dubbed Firecracker in the overlap region (Herrera et al. 2012; Johnson et al. 2015) , and the high pressure environment in the overlap region (Johnson et al. 2015) . Whitmore et al. (2014) discussed a possible role of filamentary cloud collision in triggering cluster formation toward Firecracker (see also Herrera et al. 2012) . The molecular gas motion around SSC B1 was interpreted in terms of a mixture of the parent cloud of the cluster and a cloud unrelated to the cluster formation, and it was suggested that part of the gas shows expansion due to feedback (Herrera & Boulanger 2017) . Most recently, Finn et al. (2019) presented the highest resolution image of Firecracker with ALMA, and discussed that it is a promising candidate of a proto-SSC.
Fig. 2 Total integrated intensity map of
12 CO (3-2) toward the overlap region of the Antennae Galaxies superposed on the same HST image as shown in Figure 1 . The synthesized beam size of CO is 0. ′′ 70×0. ′′ 46. The contour levels are 22.9 (3σ), 100, 300, 500, 700, and 900 K km s −1 . The integration velocity range is V LSR = 1300-1795 km s −1 .
The triggered formation of SSCs
It is argued that the high pressure of the cluster formation environment is a requirement for the SSC formation (e.g., Elmegreen & Efremov 1997) . The high pressure alone is not a complete description of the formation mechanism because the cloud dynamics is not explicitly given, leaving the actual mechanism ambiguous. Numerical simulations aimed at the SSC formation show that the collection of a large gas mass into a small volume is difficult (Inoue et al. 2019 ). In the course of the collecting process the gas density becomes too high to avoid forming stars before forming a compact cloud core. The collect process must be rapid enough so that the gas becomes confined within 1-10 pc without being consumed by extended non-clustered star formation. Recent papers on triggered high-mass star formation by cloud-cloud collision raise a possibility to apply cloudcloud collision to the Antennae. More than 50 O-star clusters/single O stars were identified as formed by cloud-cloud collision until now in the literature including the cloud-cloud collision special issue of PASJ in 2018. In these works, two empirical signatures of collision, i.e., the complementary spatial distribution between the two clouds and/or the bridge feature in a velocity space between them, are employed. These two signatures are formed by collision, because the clouds disrupt each other by collisional compression and cause thereby momentum exchange which shifts the interacting gas into a wide velocity range between the initial two cloud velocities. In order to base the signatures on a theoretical basis, Fukui et al. (2018a) made synthetic observations of cloud-cloud collision by employing the numerical simulations of collision of Takahira et al. (2014) , and confirmed these two observable signatures as viable. In addition, Fukui et al. (2018a) showed that the complementary distribution usually accompanies a displacement between the two clouds due to the projection effects and showed that the method successfully applied to the cloud-cloud collisions in M43; if the collision takes place along the line of sight, the two colliding clouds show no displacement in the sky. The positions of two clouds shift in the sky after collision, if the collision path has a certain finite angle to the line of sight, resulting an apparent displacement in the complementary distribution. See Fukui et al. (2018a) for more details of these collision signatures and also Haworth et al. (2015) for additional properties of the bridge features. Dec.-velocity diagram of 12 CO (3-2) . The integration range in R.A. is the whole region of (a). The contour levels is 10σ (0.001 K deg.). The vertical dashed lines and blue, green, and red color bars indicate the velocity ranges of the blue-, green-, and red-clouds.
In the Milky Way, where more than ten SSCs having mass of 10 4 M⊙ are known (Portegies Zwart et al. 2010) in addition to another cluster RCW 38 which was later identified as a SSC (Kuhn et al. 2015 ; see also Fukui et al. 2016) . The associated molecular gas toward the five youngest SSCs with ages less than ∼2 Myr were studied in detail, and cloud-cloud collision is identified as a trigger of each cluster's formation (Westerlund 2, Furukawa et al. 2009; NGC 3603, Fukui et al. 2014; RCW 38, Fukui et al. 2016; DBS[2003] 179, Kuwahara et al. 2019; Trumpler 14, Fujita et al. 2019a ). The remaining older clusters with an ages more than ∼3 Myrs have little molecular gas due to ionization within 10 pc of the cluster, and it is possible that the collision signatures are lost even if their formation was triggered by a cloud-cloud collision.
In the LMC, R136 having 10 5 M⊙ is a SSC, where Hi colliding flows at ∼50 km s −1 triggered the cluster formation as revealed by an Hi study of Fukui et al. (2017) . The high velocity flow was induced by the tidal interaction between the LMC and SMC 0.2 Gyrs ago, and lead to the recent collision ∼1 Myr ago after orbital motion around the LMC (Fujimoto & Noguchi 1990; Bekki & Chiba 2007; Yozin & Bekki 2014) . Recent ALMA observations toward the N159 GMC, which is located at ∼500 pc south of R136, found high-mass star-forming CO filaments Saigo et al. 2017 ) with the typical width of ∼0.1 pc (Fukui et al. 2018b; Tokuda et al. 2018) . These results suggested that high-mass star formation activities in the molecular ridge (i.e., Southeast part of the LMC) are triggered by the same Hi flow over a kpc scale (Fukui et al. 2017; Tsuge et al. 2019 ). Subsequently, it was shown that two O star forming clusters, NGC 604 in M33 having ∼10 5 M⊙ and NGC 602 in the SMC having at least 5500 M⊙, exhibit a signature of Hi colliding flows (Tachihara et al. 2018; Sano et al. 2019) . These results suggest that the supersonic collision between two Hi flows is a usual mechanism for the formation of SSCs of 10 4 M⊙-10 5 M⊙, if we consider NGC 602 and NGC 604 are SSCs, in the Local Group. It seems therefore natural that a cloud-cloud collision, if the compression is strong enough, leads to the formation of a more massive cluster similar to the globulars, and we are able to test the possibility in the Antennae by using the collision signatures above. We aim to carry this out in the present paper. Although the converging Hi flows in the Local Group are not of extremely high density, the highly supersonic collision is very powerful in compressing the gas to molecular gas in a short time scale within a few Myrs as demonstrated by MHD simulations of converging gas flows (Inoue & Inutsuka 2012; Inoue & Fukui 2013; Inoue et al. 2018 ).
This paper is organized as follows. Section 2 summa-rizes the ALMA archive data reanalyzed in the present work, and Section 3 shows the results, the CO distributions at ∼0.6 arcsec resolution of Band 7. In Sections 4 and 5 discussed the details of the cluster/candidate cluster formation and Section 6 summarizes the paper. Fig. 4 Total integrated intensity map of 12 CO (3-2) toward south part of the overlap region. The contour levels and integration velocity range are the same as in Figure  2 . The black crosses and orange circles indicate the positions of superstar clusters (Gilbert & Graham 2007) and H2 emission source (Herrera et al. 2012.) 2 The ALMA archive of the Antennae and data reduction 2.1 Cycle 0 data toward the overlap region: GMC scale
In the present work we made use of the archival 12 CO (3-2) data of Band 7 (345 GHz) of the Antennae (NGC 4038/4039) from Cycle 0 project (#2011.0.00876, P.I., B. Whitmore). The detailed descriptions of the observations are given by Whitmore et al. (2014) . We re-performed the imaging process from the visibility data by using the CASA (Common Astronomy Software Application) package (McMullin et al. 2007 ) version 5.0.0. We used the multiscale CLEAN algorithm (Cornwell 2008) Whitmore et al. (2014) are shown in Appendix 1. To investigate the missing flux, we compared the peak brightness temperature of the single-dish (JCMT) data and our re-processed data smoothed to the single-dish resolution of 14 ′′ . Although the ALMA flux is ∼20% smaller than the single-dish data. The relative error in mass estimation is 20-50%, and the average is ∼30 % shown in Table 2 , so the missing flux is smaller than the uncertainty of mass estimation and considered to be not significant.
Cycle 4 data toward the Firecracker: cluster scale
We also used the archival 12 CO (3-2) data of Band 7 toward Firecracker in SGMC2 from ALMA Cycle 4 project (#2016.1.00924.S, P.I., K. Johnson) and combined with the Cycle 0 data. The detailed descriptions of the Cycle 4 observations are given by Finn et al. (2019) . In order to make the analysis consistent with the other regions, we redid the imaging process from the visibility data by using the CASA package version 5.4.1. and the multiscale CLEAN algorithm same as for the Cycle 0 data (Section 2.1. 
Results of the Reanalysis
Intensity Distribution
We show the reanalyzed data of ALMA Cycle 0 data in the following. Figure 1 shows the optical image of the Antennae Galaxies and the distribution of the 12 CO (3-2) emission obtained with ALMA Cycle 0 in the overlap region and show an enlarged view of the southern part in Figure 2 . Figure 3a shows the distribution of the 12 CO (3-2) emission obtained with ALMA in the overlap region of the Antennae. The three regions with clusters are denoted as SGMC1, SGMC2, and SGMC4-5 (Whitmore et al. 2014; Wilson et al. 2000) . Figure 3b shows a Declinationvelocity diagram of the overlap region, which indicates that toward the souther part of overlap region shown in Figure 5a . The regions averaged the CO spectra of Figures 5c-5f are the inside of the second lowest contour of Figure 5a .
the southern part at declination less than −18
shows particularly broad CO emission extended over ∼300 km s −1 as compared with the northern part with a velocity span less that ∼100 km s −1 . In Figure 3b we show the three velocity ranges with around 100 km s −1 spans, which are divided based on the velocity field in the molecular clouds as explained in Section 3.3.. Figure 4 shows an enlarged view of the southern part of Figure 3 . We selected five clusters having ages of ≤6 Myr and masses of ≥10 6 M⊙ in the overlapping area listed in Table 1 from the cluster catalog (Whitmore et al. 2014; Gilbert & Graham 2007) . The five clusters as well as Firecracker are all located toward the three cloud complexes (Figure 4 ). Figure 5 shows the distributions of the 1st and 2nd moment along with the 12 CO (3-2) line profiles toward the peak of the three SGMCs named P, Q, and R (red line), where the total integrated profile (black line) is overlaid.
The variation of the velocity structures are shown in 1st moment map and the position-velocity diagrams for the whole cloud in Appendix 2. In Figure 5a , the 1st moment shows that the velocity is often discontinuous with a velocity jump of ∼100 km s −1 toward the CO peaks.
The clouds mainly consist of three discrete velocity components, referred to as blue- (1350 locities above. Two velocity components are also seen in averaged spectrum of each SGMC, and these are consistent with the typical spectrum at the integrated intensity peaks of SGMCs. Figure 5f is the averaged spectrum of the southern part of the overlap region. The green-cloud has the highest intensity and is possibly considered to be the main velocity component among three velocity components. Specifically, we identified the velocity components in each SGMC. By using the 1st and 2nd moments in Figure 5 , we defined the two velocity ranges in each SGMC as follows; the ranges are 1350-1460 km s 
Physical properties of SGMCs
In order to derive physical parameters of the clouds, first, we performed spectral line fitting to the Gaussian profile at the position where the integrated intensity is maximum for each cloud, and derived peak velocity, peak intensity, and velocity dispersion. The integral velocity ranges are shown in the last paragraph of Section 3.1. We calculated the clod mass of the region enclosed by a contour of 20% of the peak integrated intensity (∼30 σ). At lower level like 5 σ, SGMCs are connected with each other by diffuse components as shown in Figure 4 and cannot be separated. XCO mass was estimated by using the CO-to-H2 conversion factor XCO= 0. Zhu et al. 2003; Kamenetzky et al. 2014) . We use the equation as follows:
where WCO is the integrated intensity of the 12 CO(J = 1 − 0) and N (H2) is the column density of molecular hydrogen. As Ueda at al. (2012) showed that the ratio in the southern part of the overlap region is up to 0.3-0.5, we adopted the 12 CO (3-2) to 12 CO (1-0) ratios of SGMC 1, SGMC 2, and SGMC 4-5 are 0.4±0.1, 0.3±0.1, and 0.5±0.1, respectively. We define the cloud size as an effective radius of (A/π) 0.5 , where A is the region enclosed by a contour of 20% of peak integrated intensity. The molecular mass of each CO cloud ranges from ∼3×10 7 to 2×10 8 M⊙ with a typical size of 150-250 pc. Table 2 lists the physical parameters of the individual clouds. Further, we estimated the total molecular mass of the whole overlap region enclosed by a contour of 3σ level of Figure 2 to be 1.1×10 9 M⊙, which amounts to 3 times the total mass of the three CO clouds in Table 2 . The mass of the enveloping gas is therefore dominant in the overlap region.
Detailed velocity distribution
In order to better understand the cloud kinematics, we pursue the relationship between the multiple velocity components (Section 3.2) into more detail. Figure 6 shows an overlay of the two velocity components in SGMC1 including D, D1, and D2. In Figure 7 , R.A.-velocity diagrams toward SSC D2, D1, and D are shown for a strip denoted by the black shaded regions in Figure 6a . Figure  6a presents that the two velocity components show complementary distribution in the sense that the two components are distributed exclusively with each other; the blue-cloud has two peaks and the green-cloud is located between them along the southeastern edge of the bluecloud. (Figure 7c ), respectively. Figure 8a shows an overlay of the two velocity components in SGMC2. We see the two velocity components show complementary distribution. Figure 8b shows a bridge feature connecting the two components at 1530- 1580 km s −1 in a Declination-velocity diagram. This feature is already noted in the previous works (Whitmore et al. 2014; Finn et al. 2019) . Figure 9a shows the two velocity components for SGMC 4-5 in a similar manner as in SGMC 1 and 2, also indicating complementary distribution as detailed in Section 4. We recognize hint for a small displacement of ∼100 pc between them. Figure 9b is In addition to the two components, we find the bridge features in each of the SGMC in the intermediate velocity range. Figure 10 shows the spatial distributions of the bridges (VLSR=1460-1505 km s −1 ) superposed on the two velocity components in SGMC1. The bridges are distributed so as to fill the gap between the two velocity components near the SSCs, in particular toward D. Figure 11 shows the spatial distributions of the bridges (VLSR=1530-1580 km s −1 ) superposed on the two velocity components in SGMC2. The bridges are largely located at the boundary of the two velocity components. In particular, the bridges have a peak of integrated intensity in the direction of the Firecracker. Figure 12 shows the spatial distributions of the bridge features (VLSR=1535-1560 km s −1 ) on the two velocity components in SGMC4-5 in a similar manner as in SGMC1. The bridges are distributed in the north and south of SSC B1. These components correspond to the two bridge features in velocity shown by the dashed lines in Figure 9 . In summary, we find two velocity components and bridge features in all the regions toward the SSCs in the overlap region.
Application of displacements between the two interacting clouds
The present results indicate that the clouds show complementary spatial distributions and bridge features in the Antennae, where a hint of displacements in the complementary distributions is also recognized (e.g., B1 in Figure  9a ). As a next step we quantify a displacement in the present clouds, where the method was developed for quantifying a collision path in M43 (Fukui et al. 2018a ). The two signatures are typical to cloud-cloud collision as reviewed in Section 1. The displacement is caused by the ballistic collision orbit which makes an angle to the line of sight significantly deviated both from 0 deg. and from 90 deg. and is proportional to the projected path traveled after a collision. We derive the displacements in the three regions in this Section and discuss the implications of the results in Section 5.
SGMC1 and SGMC4-5
In SGMC1 and SGMC4-5, we calculated Spearman's correlation coefficient between the integrated intensity of the two complementary velocity components, and searched for a position where the correlation coefficient becomes minimum in order to derive an optimum displacement between the two complementary components as indicated by an arrow in Figure12 and 13 (for details of the method see Fujita et al. 2019b ). Specifically, we moved the red-cloud from the original position to ±240 pc with a 1.8 pc (size of pixel) step, and calculated the correlation coefficient with the integrated intensity of the green-cloud for each pixel in such a way that the two components spatially coincide with each other after the displacement. As a result, we found the displacements in SGMC1 and SGMC4-5 as shown in Figures  13 and 14 . In Figure 13b , the green-cloud shows an intensity depression toward the blue-cloud at the two positions as indicated by the black box in SGMC 1. We found that the two CO clouds exhibit a complementary distribution with displacements of 68 pc (P.A.=51.3 deg) and 92 pc (P.A.=54.5 deg.), respectively. These parameters give a minimum correlation coefficient of −0.73 and −0.81 for the two regions, respectively. In Figure 14b , the circular redcloud and green-cloud are partly overlapped in SGMC 4-5. The green-cloud is surrounded by the red-cloud and they exhibit a complementary spatial distribution with a displacement of ∼63 pc in length (P.A.=−38 deg) as shown in Figure 14a with a minimum correlation coefficient of −0.73.
High resolution spatial-and velocity-distributions toward the proto-cluster cloud Firecracker
In order to resolve the complementary spatial distribution toward Firecracker, we analyzed the spatial distribution of the CO cloud in SGMC2 by using the Cycle 4 data (Finn et al. 2019 ) whose resolution is ∼3 times higher than Cycle 0 data in Figure 8 . The Cycle 4 data in Figure 15a confirms the complementary distribution of two velocity components in Figure 11 . In Figure 15a we redefined the two velocity ranges from [1400-1530 km s −1 and 1580-1700 Figure 15b shows an enlarged view toward Firecracker, where the two-velocity clouds in the same velocity range as above are shown. It is notable that the two distributions show significant difference with each other; the blue-shifted cloud is singly peaked and the red-shifted cloud has two peaks with an intensity depression between them. This suggests that the two clouds show complementary distribution even in a scale of 50 pc. By applying the same method as above, We find a ∼30 pc displacement fits the complementary distribution as shown by an arrow. shows a position-velocity diagram toward the proto-cluster cloud, and the two velocity components are connected by a bridge feature in velocity at X∼0.2 arcsec. These results demonstrate that Firecracker shows the two signatures of cloud-cloud collision according to the method, while the resolution is about 40% of the displacement in Figure 15c .
Discussion
Collisions in the three complexes SGMC1, SGMC2, and SGMC4-5
The Antennae Galaxies is prominent because of the unusually active star formation including tens of SSCs, and clear signatures of the galactic interaction including the two long tails. The ALMA CO data offer an ideal opportunity to investigate the molecular gas distribution and kinematics which are possibly related not only to the feedback but to the cluster formation. The previous works on the ALMA data focused mostly on the feedback by the clusters (Whitmore et al. 2014; Herrera et al. 2012) , whereas the formation mechanism of the clusters was not pursued into depth. The CO clouds have a large velocity span of ∼200 km s −1 , which were interpreted as due to the cluster feedback by these authors. Except for a brief suggestion on a possible role of filamentary cloud collision in triggering cluster formation (Whitmore et al. 2014) , no exploration of the cluster formation was undertaken in these works. Subsequently, Johnson et al. (2015) discussed the cluster formation mechanism in the Firecracker based on velocity integrated intensity of CO ALMA Cycle 0 data. Finn et al. (2019) presented new ALMA Cycle 4 data on the Firecracker further discussed the cluster formation. These authors tried to fit the radial profile of the column density by both a Gaussian and a Bonnor-Ebert spherical profile and derived the radial density distribution. They also discussed a possibility of cloud-cloud collision by referring to recent papers on cloud-cloud collision (e.g., Fukui et al. 2018a ). These previous works however did not attempt to apply a kinematic analysis which was undertaken in the present paper, and did not make detailed modeling of the collision in the cloud kinematics.
Recent studies in the Local Group galaxies suggest that the formation of the SSCs of 10 4 -10 5 M⊙ in the Milky Way, the LMC and M33 is likely triggered by a cloud- Red crosses indicate the regions where star cluster formation and evolutionary stages are classified by radio continuum, CO, and optical/NIR data (Whitmore et al. 2014 (Furukawa et al. 2009; Fukui et al. 2014; Fukui et al. 2016; Kuwahara et al. 2019; Fujita et al. 2019a ) and in the LMC and M33 the remarkable cluster formation induced by the galactic tidal interaction is found in R136, N44 and NGC 604 (Fukui et al. 2017; Tsuge et al. 2019; Tachihara et al. 2018) . Such triggering of high-mass cluster formation by cloud-cloud collision is in addition discovered in more than 50 regions of single or multiple high-mass star formation in the Milky Way by applying the new methodology to identify a cloudcloud collision developed by Fukui et al. (2018a) . It is therefore important to test if a cloud-cloud collision between two molecular clouds is a viable scenario to trigger the cluster formation in the Antennae.
The present analysis shows that the three cloud complexes have observational signatures of two colliding clouds, i.e., the complementary distributions and the bridge features. As shown in Table 2 , each of the complexes has molecular mass of (4-24)×10
7 M⊙ (XCO mass) and a size of 300-500 pc. We present here a scenario that the two clouds in the three complexes are colliding with each other, and the collisional compression triggered the formation of the six SSCs/SSC candidate. The distributions of SGMC1 and SGMC4-5 show a displacement around 100 pc. A ratio of the displacement and the relative velocity gives ∼1 Myr (=100 pc/100 km s −1 ) as the typical colli- (Whitmore et al. 2014) . right: the typical spectrum of 12 CO (3-2) toward firecracker. The green-, yellow-, and red-ranges indicate the velocity ranges of the green-cloud, bridge components, and the red-cloud, respectively. sion time scale over the complexes with no correction for the possible projection effect, which is consistent with the age of the SSCs (Table 1) .
Values of displacement and collision time scale are most affected by the colliding angle of two clouds θ relative to the line of sight. We can estimate the collision time scale t following the equation as follows:
where A and V are the projected displacement and the observed velocity separation between two clouds, respectively. Considering the numerical simulations by Renaud et al. (2015) , we assume that the relative velocity difference between the two clouds is around 130-170 km s −1 .
Then the angle of the collision path to the line of sight is estimate to be 45 deg., which gives a collision time scale of 0.6 Myrs for SGMC 4-5. Since the interaction velocity is not likely more than 200 km s −1 for the galaxy mass of the Antennae, we roughly estimate θ is in a range from 30 deg. to 60 deg. corresponding to the time scale in a range of 0.3-1.2 Myrs. This gives an uncertainty of 0.6
Myrs. We made similar estimations for the north-and south-clouds of SGMC 1 shown in Figure 13b 
Details of the collisional triggering in B1 and the Firecracker
Among the SSCs, B1 is the most luminous embedded cluster candidate in the Antennae, and the mass of the cluster is estimated to be ∼10 6 M⊙ from the high H2 luminosity 10 8 L⊙ (Herrera et al. 2012 ). The cloud mass in SGMC4-5 is estimated to be ∼10 7 M⊙ with a size of ∼200 pc at a 20% level of the peak integrated intensity ( Table 2 ). The Firecracker has no luminous source yet and it is suggested that the gas cloud is in a proto-cluster stage and might form a SSC soon (Whitmore et al. 2014) . A possible scenario for the complementary distribution of the SSC B1 in SGMC4-5 (Figures 14a and 14b) is that the green-cloud collided with the central part of the redcloud and created the cavity in the red-cloud. A schematic is shown as three collision steps, prior to, during and after the collision, in Figure 14c . A similar scenario is applicable to the Firecracker. Figures 15b and 15c show the distribution of the two clouds toward Firecracker produced from the ALMA Cycle 4 data by Finn et al. (2019) . The morphology of the collision in the Firecracker is very similar Fig. 13 Images of (a) and (b) are the same as in Figure 6a , whereas contours of the green-cloud in (a) are displaced. The projected displacement is 68 pc with a position angle of 51.3 deg. for the north cloud. The projected displacement is 92 pc with a position angle of 54.5 deg. for the south cloud. The black boxes denote the initial position of the green-cloud, and the dashed black box of (a) denotes the displaced position. The contour levels and symbol are the same as in Figure 6 . to B1 (Figure 14c ), while the size of the colliding clouds is about a factor of three smaller than in B1, and the mass of the small cloud, i.e., the intermediate velocity (IM) cloud, is about 50 times smaller than in B1. In the two objects, the bridges connecting the two clouds are shown in Figures  8b, 9b, 11, 12 , and 15d. It is possible that after the collision the mass in the cavity and the blue-shifted cloud is converted into part of the IM cloud and the bridge as well as the cluster member stars. More details of the mass budget depend on the initial cloud distribution and is currently uncertain at best.
A ratio between the displacement and the velocity separation indicates a collision time scale of 0.15-0.6 Myr with uncertainty of a factor of two due to the projection effect, which is consistent with the time scale of the collapse of the molecular cloud and start of star formation of firecracker (Johnson et al. 2015) . In the scenario, the IM cloud is Fig. 14 Images of (a) and (b) are the same as in Figure 9a , whereas contours of the red-cloud in (a) are displaced. The projected displacement is 63 pc with a position angle of −38 deg. The black boxes denote the initial position of the red-cloud, and the blue box of (a) denotes the displaced position. The contour levels and symbol are the same as in Figure 9 . Lower panel shows rectangular solid model clouds before the collision (c1), during the collision (c2), and after the collision (c3) for SGMC 4-5. Panels (a) and (b) correspond to (c2) and (c3), respectively. highly turbulent as a result of the momentum injection in the collision at 100 km s −1 . According to the numerical simulations of colliding molecular flows (cf. Inoue & Fukui 2013) , the velocity dispersion is produced by the momentum injection between the colliding clouds and the velocity dispersion is close to their velocity separation. The turbulence then causes high pressure in the parent cloud forming the cluster, which increases the Jeans mass to a high value. The pressure inferred in the IM cloud is estimated to be ∼10 8 /kB K cm −3 for velocity dispersion of 30 km s
and average molecular density of 10 2 cm −3 as estimated by Finn et al. (2019) , in accord with the formation criterion for a cluster of 10 6 M⊙ (Elmegreen & Efremov 1997) .
Further observational details of the cluster formation must wait higher resolution data with ALMA. In the Firecracker, the molecular mass of the small cloud is 9×10 6 M⊙ within ∼37 pc of radius (Table 2) , several times smaller than that that of B1, suggesting that the cluster possibly forming in the Firecracker will have a mass smaller than B1. The collision time scale is here estimated to be 0.3 Myr (=30 pc/110 km s −1 ), shorter than in B1, being consistent with the proto-cluster nature if the projection effect is similar between them. The schematic in Figure 14c indicates that in the cluster forming region is probably on the near side of the small cloud in each which strongly interacted with the other cloud. We may be able to test the schematic of SGMC 4-5 by comparing the higher resolution ALMA data with HST image. 
Formation of SSCs in SGMC1 and SGMC 2
The SSCs are located outside of the SGMC 1 and SGMC 2, and there are separations between the SSCs and SGMCs. The relation among the cloud-cloud collision, the cluster formation, and its evolutionary stage toward SGMC 1 and SGMC 2 is discussed in this Section. Whitmore et al (2014) defined the five evolutionary classifications of the SGMCs. Based on the previous study of the GMC evolution model in the Local Group of galaxies (LMC; Fukui et al. 1999 , Kawamura et al. 2009 Miura et al. 2012) , the authors extended the classification to older clusters with no CO by using radio continuum, optical/IR data in addition to CO as follws: In SGMC 1, complementary spatial distributions and bridge features are observed, which are observational signatures of cloud-cloud collision as shown in Figure 6 and Figure 7 . Since SSC D2 is located at the edge of the green cloud, it is unclear that its physical association to the clusters. There is a possibility that the parental molecular gas was already ionized and dispersed by the cluster, because its age is as old as 5.4 Myr (Gilbert & Graham 2007) derived from the observed equivalent with of Br using the Starburst99 fits. There are bridge features between the green-and blue-clouds shown in Figure 7a , and it can be seen from Figure 10 that these bridge features spatially connect the blue-and green-clouds.
Toward D2, the bridge feature is distributed so as to connect the peak of the blue-cloud and intensity depression of the greencloud. Thus, D2 may be related to the collision between blue-and green-clouds located in the northern part of SGMC 1. Toward peak of the north cloud, there are observational signatures of collision and strong bridge features, but there are no cluster formation and classified as stage1 by Whitmore et al (2014) . This suggests that there is a possibility active star formation will be triggered from now on.
SSC D is located at the boundary between the blue-and green-clouds, and the bridge feature is also distributed toward D. There are bridge features at the right ascension where the SSCs exist as shown in vertical lines of Figure  7 . The typical time scale is ∼1 Myr, which was derived by a ratio of displacement and the relative velocity of colliding clouds. It is consistent with the age of D (1.5 Myr; Whitmore et al. 2010 ) and the evolutionary stage 3 (1-3 Myr).
As for SSC D1, there are few clues of parent molecular cloud since the age of the cluster is as old as ∼6 Myr and evolutionary stage is 4 (3-10 Myr), but the blue-and green-clouds are connected by bridge features toward D1 shown black dashed lines in Figure 7b . D1 is also related to the collision between the blue-and green-clouds located southern part of SGMC 1. In addition, there are two embedded clusters according to Whitmore et al (2014) east of D1 shown by red crosses in Figure 10 . These two regions are observed by radio continuum and optical/IR emissions, and classified as embedded cluster (stage 2: 0.1-1 Myr).
Since there are collision signatures shown in Figure 6 and 7b toward these regions, cluster formation due to collision may be triggered.
As for the whole SGMC1, cluster formation occurred only on the western side of the green-cloud and not on the east side. This trend seems to be interpreted that the collision occurred only on the west side of the green-cloud.
In Section 5.2, we focused on the collision signatures at 50 pc scale in the direction of firecracker, but collision also occurred at 20-500 pc scale toward SGMC 2. As you can see from Figures 8 and 15 , edge of the red-cloud is well fitted to the boundary of green cloud. This signature can be interpreted as an off-center collision rather than the head-on collision calculated by Takahira et al. (2014) . The green-cloud (small cloud) dose not form a cavity in the red-cloud (large cloud) like B1 and firecracker as shown in Figures 14 and 15 , but it is interpreted as collision between the green-cloud and the northern part of red-cloud. Furthermore, this off-center collision is similar to the results of cloud-cloud collision in the Galactic Hii region of NGC 2068/2071 (Tsutsumi et al. 2019 ). The authors also performed a new simulation of off-center collision. The spatial and velocity structures of SGMC 2 are similar to the results of numerical simulation of the off-center collision (Tsutsumi et al. 2019) , so it is considered that a collision similar to NGC2068/2071 occurred. SSC C is located 100-200 pc away from the boundary of colliding two clouds. In the velocity space, there is a diffuse bridge feature at the declination of C (dashed horizontal line in Figure 8b ), but the red-cloud and bridge features are not spatially distributed toward C as shown in Figure 11 . This could be due to the dissipation of molecular cloud because of the age of C is as old as 5-6 Myr. Furthermore, it is likely that the signatures of collision are observed by Hi even if the observational trends of collision are not observed by CO. In fact, it has been found that the formation of molecular clouds and star clusters was triggered by tidally driven colliding Hi gas in the LMC and M33 (Fukui et al. 2017,18; Tsuge et al. 2019; Tokuda et al. 2018; Tachihara et al. 2018) . Future observations will enable us to elucidate detailed spatial and velocity structures of Hi gas. According to these observational signatures, there is a possibility that the cluster formation was caused by collision in both SGMC 1 and SGMC 2.
According Whitmore et al (2014) , there two more cluster forming regions on the eastern side of the green-cloud shown by blue crosses in Figure 11 . There are bridge components in this area, and the green and red-clouds are connected by bridge features in a velocity space shown by black dashed lines in Figure 21f . From these results, cluster formation is possibly triggered by collision in these two regions.
Possible role of stellar feedback in accelerating the gas motion
It is necessary to consider the effect of stellar feedback on the motion and disruption of the cloud, because the star formation rate of the region toward SGMC1, SGMC2, and SGMC 45 is 1.08-2.78 M⊙ yr −1 (Klaas et al. 2010) , which is the most active in the Antennae Galaxies. In this Section, we argue that the velocity difference between the two molecular clouds cannot be explained only by stellar feedback based on the observational parameters. Herrera & Boulanger (2017) proposed a possible scenario that the spatial distribution and velocity separation in SGMC4-5 ( Figure 9 ) originated by radiation pressure as an outflowing gas with a velocity separation of ∼100 km s −1 .
However, this scenario has a difficulty with large uncertainty because the radiation pressure in the early stage is assumed to be several ten times that of the present day based on model (Murray et al. 2010 ). If we assume that the expansion velocity is about a half of the velocity separation, the expansion velocity is estimated to be ∼50 km s −1 . As for SGMC 4-5, the mass of the greencloud is 6×10 7 M⊙ and that of the red-cloud is 4×10 7 M⊙. A CO J=3-2 /J=1-0 ratio is 0.5±0.1 and XCO ∼0.6×10 20 cm −2 (K km s −1 ) −1 (Zhu et al. 2003; Kamenetzky et al. 2014) . For the total cloud mass ∼10 7 M⊙, the total kinetic energy required for the gas motion is estimated to be 1.3×10 54 erg. If we adopt an efficiency of conversion of a supernova explosion (SNe) into the gas kinetic motion to be 5% (Kruijssen 2012), the observed kinetic energy requires 26000 SNe's. Total stellar mass of B1 is ∼280 times that of Westerlund 2 whose stellar wind energy ∼3.6×10 51 erg (e.g., Rauw et al. 2007) , so the expected stellar feedback is ∼10 54 erg. Assuming ideal adiabatic wind bubbles, 20% of the wind luminosity is transferred to the expanding gas shell (Weaver et al. 1977) . Therefore, the energy of 2×10 53 erg is converted to kinematic energy, which is an order of magnitude smaller to explain the gas motion. In addition, the solid angle subtended by the clouds is small (< 4π), and it reduces the energy available to them. Moreover, the cloud distributions sometimes show circular shape, which is not spherical-shell like but is ring-like, showing no sign of expansion (e.g. Beaumont, & Williams 2010 ).
We made similar calculations for SGMC 1 and SGMC 2 by using the cloud parameters in Table 2 , and obtained the total kinematic energies to be ∼1.4×10
54 erg, and ∼10
54
erg considering the rate of conversion the luminosity to kinematic energy, respectively. These energies are more than that in SGMC4-5 and requires even more supernovae by the same assumption above. These numbers of SNe seem to be too large in a time scale of Myr, unfavorable to the feedback interpretation. 
Comparison with the other clusters
We present in Table 3 , Figure 16 , and Figure 17 comparison of the physical parameters of the three regions where cloud-cloud collisions are suggested. They include B1, C, D,D1, D2, R136, and Westerlund 2, which show two velocity components at 110, 120, 110, 110, 110, 70 , and 16 km s −1 velocity separation linked by bridge features, respectively as shown in Table 3 . It is suggested that high-pressure gas is required for the formation of globular clusters by both the observational and theoretical studies (Verschueren 1990; Elmegreen & Efremov 1997) . This kind of high pressure environment is likely formed by interstellar shocking in the interacting galaxies. Then, we compared the external pressure and the total stellar mass of SSCs.
We calculated the external pressure at the cloud edge (Pe) from the cloud's mass, size, and colliding velocity following the equation (Elmegreen 1989) as follows:
where M is the cloud mass, v is the colliding velocity (difference of peak velocity of colliding clouds), R is the radius of cloud, and ρe is the density at the cloud edge. Π is defined by ρe=Πρ, where ρ is the mean density in the cloud. We adopt Π = 0.5 (Johnson et al. 2015; Finn et al. 2019) . We calculated the pressure by using the physical parameters summarized in Table 2 for B1 and Firecracker. The pressure of C, D, D1, and D2 are calculated from the region of 150 pc radius (roughly corresponding to the size of SGMC4-5) from the cluster since SGMC1 and SGMC2 are spread about 500 pc and contain many clouds that are not directly related to the formation of SSC.
As for B1 and firecracker, Pe is higher in the green-cloud where the cluster exists than the red-cloud. This result is interpreted as due to the difference of density of colliding clouds. In the firecracker, density of the green cloud is ∼5 times that of the red-cloud. As for B1, density of the green cloud is ∼3 times that of the red-cloud as shown in Table 3 . Thus, it is suggested that the external pressure Pe of denser one is enhanced in the compressed layer and induced the formation of SSCs.
For R136, we calculated Hi masses of the L-and Dcomponents at the position of (R.A., Dec.)=(84.
• 506234-
85.
• 025770, −68.
• 982965-−69.
• 103751) as 2. (Dickey & Lockman 1990) :
where T b is the observed Hi brightness temperature [K] . In the LMC, it is suggested that 400 O/WR stars in the south east of the LMC including R136, N159 and the other active star forming GMCs are triggered by the collision of Hi flows. Thus, it is suitable to calculate the pressure of HI gas for R136. The external pressure of Westerlund 2 is calculated by the physical parameters of molecular clouds (Furukawa et al. 2009 (Furukawa et al. 2009 ). So, the pressure would be Pe/kB = 5×10 5 K cm −3 for radius of ∼30 pc as shown in Table 3 . We also made a correlation plot between the external pressure and total stellar mass of SSCs as shown in Figure  17 . We plotted the maximum value of the external pressure for each SGMC since the cloud under higher external pressure is considered to be related to star formation. Firecracker is not included in the correlation plot because it is a very young proto cluster cloud and at a different evolutionary stage. We performed linear fittings using the MPFITEXY routine, which provides the slope and intercept values . We finally obtain that the slope is 0.89 and the intercept is −0.90, and linear Pearson correlation coefficient is 0.96. There is significant positive correlation between them.
B1 has the largest cluster mass of 4×10 6 M⊙ and the formation is may be triggered by colliding CO flows at 100 km s −1 . Westerlund 2 is also may be triggered by a collision of two CO clouds at ten times smaller velocity. The mass ratio of Westerlund 2 to B1 is ∼100 times. The pressure of the formation environment in B1 is 60-180 times higher than that in Westerlund 2. On the other hand, the pressure in R136 lies between the two which reflects the lower density of the Hi flows at 70 km s −1 collision speed.
It also suggest that a SSC can be formed when the pressure is enhanced enough even if the colliding clouds are low density. So, the sequence in cluster mass is consistent with the theoretical idea for cluster formation in the literature (Elmegreen & Efremov 1997) . Collisional triggering at supersonic velocity is a natural and consistent scenario in these observational results obtained so far. However, this does not elucidate the quantitative details of the process; at present the MHD simulations by Inoue & Fukui (2013) of colliding molecular flows is limited to a low velocity less than 30 km s −1 . Future efforts are to be made for higher velocity flows at 100 km s −1 and we also need to include Hi collisions for our understanding of cluster formation over a full mass range.
Conclusions
The Antennae galaxies is the most outstanding major merger closest to the Milky Way. It shows extremely active star formation including tens of young massive clusters, and clear signatures of the galactic interaction. Such clusters are rarely observed in the other non-interacting galaxies. Aiming to identify the formation mechanism of the young massive clusters in the overlap region where the Antennae galaxies are merging, we reanalyzed the ALMA Cycle 0 and Cycle 4 data and applied the prescription for cloud-cloud collision to the CO data. The main conclusions of the present study are summarized below.
1. In the present analysis, we identified possible signatures for cloud-cloud collisions, the bridge features and complementary distributions, at ∼50 pc resolution between the two velocity components which are visible as double CO peaked profiles in the three cloud complexes SGMC 1, 2, and 4-5 in the overlap region. The collision signatures are identified by the method which was developed for cloud-cloud collision in the Milky Way (Fukui et al. 2018a ). We present a scenario that cloud-cloud collisions are taking pace to trigger the formation of the SSCs and SSC candidate in the Antennae. The complementary distributions are used for estimating relative displacements generally to be ∼100 pc between the two clouds, which are interpreted as caused by a significant inclination angle of the relative motion to the line of sight. If we take a ratio between the displacement and the velocity, the typical time scale of the collisions is calculated to be ∼1 Myr as is consistent with the cluster age estimated in the previous works. The results suggest that collisions between CO clouds are frequent in the overlap region, where the relative velocity ∼100 km s −1 among the clouds is driven by the galactic interaction. 2. The 1st and 2nd moment distributions are derived in the three cloud complexes and are compared with the SSCs and a previously identified proto-SSC candidate. We find that the SSCs and their candidates tend to be located toward the boundaries between the two velocity clouds. The CO emission toward the SSCs is broad with a velocity span as large as 200-300 km s −1 , which was interpreted previously as the gas acceleration by the stellar feedback. The present collision interpretation suggests an alternative that the large velocity span reflects the collisional interaction between the two clouds whose velocity separation is ∼100 km s −1 . We present estimates that the gas motion cannot be explained by the stellar feedback if we employ the typical supernova kinetic energy as the energy source. The cloud distributions show sometimes circular shape, which is not spherical-shell like but is ring-like, showing no sign of expansion. This does not lend support for the stellar feedback, whereas it is consistent with the cavity created by cloud-cloud collision as shown by numerical simulations of cloud-cloud collision. 3. Two notable cases of collisions are found toward the SSC B1 and a proto-cluster candidate the Firecracker. In both of these two regions we find complementary distributions between the two clouds at 50 pc resolution for B1 and 15 pc resolution for Firecracker, where a small cloud is associated with a cavity in a large cloud. The cavities have a size similar to the small clouds, and the two clouds are linked by the bridge features. In B1, the mass of the small cloud is ∼5×10 7 M⊙, which is about 50 times larger than the cluster mass, within a cloud size of ∼300 pc. The collision time scale is roughly estimated to be 0.5 Myrs (=63 pc/110 km s −1 ). In the Firecracker, the molecular mass of the small cloud is 9×10 6 M⊙ within ∼74 pc, several times smaller than that in B1, suggesting that the cluster possibly forming in the Firecracker has mass smaller than B1. The collision time scale here is estimated to be 0.3 Myr (=30 pc/110 km s −1 ), shorter than in B1, being consistent with the no luminous cluster is yet seen there. In the two regions the colliding velocity and average cloud density were used to estimate the pressure to be ∼10 8 -10 9 /kB K cm −3 , which is consistent with the theoretically expected ambient pressure for a SSC. The location of the forming clusters is probably on one side of the small cloud which is strongly interacting with the other cloud, since the collision is highly directive. A comparison with Westerlund 2 and R136 with mass of 10 4 M⊙ and 10 5 M⊙ suggests that the sequence of cluster mass is understandable as due to density and collision velocity which produce high ambient pressure. Future extensive numerical simulations of colliding gas flows are required to elucidate details of cluster formation in order to provide a linkage to the ancient globulars. Note. -Column (1): Object name. Column (2): Kind of the colliding gas. Column (3): Velocity difference between the two velocity components. Column (4): Density of colliding clouds. Column (5): Average of velocity dispersion. Column (5): Average of the pressure caused by a cloud-cloud collision. Column (6): The total stellar mass of the SSCs. Column (7): Maximum value of column density. Column (8) 
